A ptamers are nucleic acid-based affinity reagents (1, 2) that can be chemically synthesized and modified (3, 4) . Aptamers have been generated against many classes of molecular targets, including small molecules (5, 6) , proteins (7, 8) , and cell-surface markers (9, 10) , for a wide range of applications including diagnostics (11, 12) , molecular imaging (13, 14) , targeted therapeutics (15) , gene delivery (16) , and drug delivery (17) . Systematic evolution of ligands by exponential enrichment (SELEX) offers an effective in vitro selection method for the isolation of aptamers from random libraries of nucleic acids. Unfortunately, SELEX requires a significant investment of time and resources, involving numerous rounds of selection (typically [8] [9] [10] [11] [12] [13] [14] [15] to isolate molecules with sufficient binding affinity and specificity (8, 18) . We recently described the use of microfluidics technology to accelerate the process of aptamer selection (M-SELEX); due to multiple advantages that occur at the microscale, specific aptamers that bind target proteins with nanomolar affinity can be generated by M-SELEX within 1-3 rounds (19, 20) . Upon completion of selection, the enriched pool of nucleic acids is cloned, typically into Escherichia coli, to identify the sequences of individual aptamers. This entails PCR amplification of the isolated aptamer pool, followed by insertion of the purified PCR product into a pCR4-TOPO vector and transformation into competent bacterial cells (19) (20) (21) . Typically, ∼100 colonies are randomly picked, sequenced, and aligned to identify consensus sequences. Finally, the aptamers are synthesized to measure target affinity via surface plasmon resonance (19, 22) , radioactivity (23, 24) , or fluorescence (20, 25) .
It is hypothesized that, prior to cloning, the final selected pool contains a large number of unique aptamer sequences of varying affinity and specificity (26, 27) . However, it is difficult to identify optimal sequences from this pool using traditional cloning and sequencing approaches, which only enable sampling of a small portion of the sequence space (19, 20) . Furthermore, conventional approaches do not offer the capability to track the evolution of individual sequences across multiple rounds of selection, which would provide valuable information about the enrichment process.
Recently, the Schroeder group has shown that the combination of traditional genomic SELEX with high-throughput sequencing, yields a powerful method for the identification of genomic aptamers (28) . As a further step toward rapid and efficient identification of high-affinity aptamer sequences, we have developed the Quantitative Selection of Aptamers through Sequencing (QSAS) method, which pairs M-SELEX with high-throughput DNA sequencing. Using platelet derived growth factor BB (PDGF-BB) protein (8)-a useful biomarker for various pathological states (29)-as a model target, we demonstrate the capability to track the evolution and enrichment of >10 million individual aptamer sequences throughout the selection process, and thereby quantitatively identify high-affinity aptamer sequences within three rounds (Fig. 1) . Our method improves the speed and outcome of selection, and by comparing the enrichment-fold of sequences between selection rounds, we were able to quantitatively identify sequences with binding affinities ∼3-8-fold higher than those obtained by traditional cloning approaches.
Results and Discussion
Microfluidic-SELEX. We have described the M-SELEX experimental procedure in our previous work (20) . Briefly, we immobilized PDGF-BB target molecules on the surface of micron-sized magnetic beads and incubated the coated beads with a ssDNA library (∼1 nanomole total). The DNA library design features a central 40-base random domain flanked by two 20-nucleotide PCR primer sites. We subjected the aptamer-bound, targetcoated beads to high-stringency continuous washing at a high flow-rate (50 mL∕hr) within the MicroMagnetic Separation device (MMS), which has been shown to effectively remove weakly and nonspecifically bound molecules (30) . After the separation, the external magnets were removed and the beads carrying the selected aptamers were eluted from the device and PCR amplified; finally, we generated ssDNA from the amplicons for use in a subsequent round of selection.
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The authors declare no conflict of interest. We performed a total of three rounds of positive selection with PDGF-BB-coated beads with increasing selection stringency. The first two rounds only incorporated positive selection, with no negative selection. In the first round (R1), the molar ratio between ssDNA and target was kept at ∼10∶1 by using a controlled number of PDGF-BB-coated magnetic beads (2 × 10 7 total beads at ∼10
5 PDGF-BB molecules per bead). In the second round (R2), we used a higher molar ratio of ssDNA∶target (∼100∶1) to increase the selection pressure (20) . Prior to the third round of positive selection, we subjected the selected R2 pool to two sets of negative selection using magnetic beads coated with PDGF-AA or Tris (tris(hydroxymethyl)aminomethane) molecules to increase the specificity of the selected aptamers. Tris was also used to block the remaining active group after N-ethyl-N 0 -(3-(dimethylamino)propyl)carbodiimide ðEDCÞ∕N-hydroxysuccinimide (NHS) immobilization of protein onto the magnetic beads. We used 2 × 10 7 total beads at ∼10 5 PDGF-AA molecules per bead or 2 × 10 7 total Tris-coated beads to efficiently deplete aptamers with affinity for PDGF-AA or Tris molecules from the R2 pool. We then used this depleted pool for a third round of positive selection (R3) with the same molar ratio as R2 to further increase aptamer affinity.
After the selection, we measured the bulk equilibrium dissociation constants (K d ) of the three aptamer pools (R1, R2, and R3) via a fluorescence assay described below (20, 25) (Fig. 2) . As expected, the initial naïve library displayed negligible binding affinity to the target (Fig. 2) . However, the binding affinity of the aptamer pools increased after each successive round of selection, and all three postselection pools showed nanomolar K d values: K dðR1Þ ¼ 57.3 AE 12.0 nM, K dðR2Þ ¼ 32.1 AE 7.06 nM, and K dðR3Þ ¼ 10.5 AE 2.63 nM (Fig. 2) . We believe that the significantly greater fluorescence intensity of the R3 pool relative to the other pools can be attributed to the higher affinity and greater target specificity of these aptamers. We postulate that the negative selection performed between R2 and R3, as well as the higher washing stringency used in R3, contributed to this large difference.
High-Throughput DNA Sequencing Technology. We analyzed the DNA sequences contained in the R1, R2 and R3 pools by performing high-throughput DNA sequencing with the Genome Analyzer II (Illumina) (31, 32) . To prepare the samples, we first PCR amplified the aptamer pools from each round, then purified the double-stranded DNA products and used ten nanograms of the purified products for 3′-end repair, adenosine tailing, and adapter ligation. Ligated fragments in the 150-200 bp size range were then isolated via gel extraction and amplified with a limited number of cycles of PCR (<10 cycles). After we had obtained single-stranded, adapter-ligated molecules, we used a flow-cell cluster station to bridge amplify each individual molecule 35 times to generate cloned clusters. After each cluster was linearized, the free ends of the clusters were blocked and the sequencing primer was added and hybridized. Finally, we sequenced 75 bases on the Genome Analyzer II, and used Illumina Pipeline software to process the resulting data. We developed custom software to perform downstream sequence analysis (without the Eland alignment step), which we used to obtain 40 base aptamer sequences from the combination of forward and reverse complement tags and then counted the tag sequences from all samples.
Sequence Analysis. We obtained >1.7 × 10 7 raw sequences from each selection round. We subsequently filtered out sequences that were not 75 bases in length (i.e., 20-base 5′ primer þ40-base aptamer þ15-base 3′ primer) or did not contain the correct primer on each end, and then trimmed out the two PCR primer sites from the remaining sequences, yielding ∼2-9 × 10 6 unique aptamer sequences from each pool ( Table 1) . We observed that the number of unique sequences decreased and the percentage of duplicate sequences increased in later selection rounds, indicating the convergence of potential aptamers in the resulting pools. As additional evidence of this, we determined that the ten most highly represented sequences in each pool appeared with an average copy number of 594, 2,789 and 216,488 in the R1, R2, and R3 pools, respectively (Fig. S1 ).
To identify high affinity sequences, we calculated and ranked the enrichment-fold (i.e., ratio of copy numbers between two Fig. 1 . An overview of the QSAS method. The QSAS method begins with three rounds of M-SELEX against the target. The aptamer pools from each round are subjected to high-throughput sequencing, and the millions of resulting sequences are computationally filtered, aligned and analyzed. We ranked the 100 most highly enriched aptamer sequences against PDGF-BB between round 3 and round 2 or between round 3 and round 1, and then synthesized the top three sequences and measured their target affinity and specificity. Table 2 for R3∕R2 and in Table S1 for R3∕R1. We then plotted the number sequences with a particular enrichment-fold as a function of its enrichment-fold from R1 to R3 (Fig. 3A) or R2 to R3 (Fig. 3B ). It should be noted that highly represented sequences did not necessarily exhibit high enrichment between rounds, and there is a large population of sequences with high copy numbers but with minimal enrichment-fold (Fig. 3 , Upper Left). Interestingly, the same ten sequences were identified with the highest copy numbers in all three pools (R1, R2, and R3), but none of them displayed significant enrichment-fold. We suspect that these sequences are overrepresented as a result of biases during library synthesis or PCR (26, 33) . On the other hand, the sequences with highest enrichment-fold (e.g., 2,347-fold for R3∕R1 and 650-fold for R3∕R2) appear infrequently in earlier rounds (Fig. 3 , Lower Right), and we hypothesize that these represent true high-affinity aptamers. In this way, QSAS offers the capability to distinguish artifactual sequences from those that have become enriched through target binding.
To test this hypothesis, we measured the equilibrium dissociation constants (K d ) and binding specificity for the three sequences with the highest enrichment-fold based on both R3∕R2 and R3∕R1 metrics (Table 2 and Table S1 ). Only the variable sequence (40-mer) is shown in the tables, but affinity and specificity measurements were performed with full-length (80-mer) molecules containing the flanking PCR primer binding sites. We measured K d values via a standard fluorescence assay (20, 25) , in which we labeled the aptamers with an Alexa 488 fluorophoremodified primer by PCR amplification. The labeled aptamer was then diluted to several different concentrations between 0 and 200 nM in 100 μL of 1 × binding buffer [0.1 mM Na 2 HPO 4 , 1.8 mM KH 2 PO 4 , 137 mM NaCl, 2.7 mM KCl, and 1 mM MgCl 2 (PBSM), pH 7.4]. The aptamer dilutions were denatured at 95°C for 10 min, rapidly cooled to 0°C in an ice bath, and then incubated for another 10 min at room temperature before use. After adding 7 × 10 5 PDGF-BB-coated beads into the denatured aptamer solution, we incubated the mixtures in the dark at room temperature for 2 h, after which unbound aptamers were removed by washing four times with 1 × binding buffer. Finally, we eluted the bound aptamers into 100 μL of 1 × binding buffer by heating the beads at 95°C for 10 min while shaking, and quantified the eluted aptamers by fluorescence measurement, with the dissociation constant K d calculated by fitting to a kinetic model, assuming 1∶1 Langmuir binding. The three sequences with the highest R3∕R2 enrichment-fold showed high-affinity binding to the PDGF-BB protein with low nM K d values (Fig. 4) , which is ∼4-fold higher than that shown by the R3 pool overall (Fig. 2) . The measured K d values for these top three sequences were 2.7 AE 0.2 nM, 2.5 AE 0.3 nM, and 2.6 AE 0.4 nM, respectively (Fig. 4A) . By way of comparison, we performed a control experiment to measure the affinity of the sequence with the highest copy number in all three pools (Table S2 and Fig. S2 ). This sequence exhibited a K d of 47.6AE 16.1 nM-significantly lower than aptamers selected based on R3∕R2 enrichment.
Furthermore, the binding of these sequences was specific to PDGF-BB, with affinity for PDGF-AA that was 4.0-, 6.8-, and 4.9-fold lower, respectively (Fig. 4B) . We performed a similar analysis using the three sequences with the highest R3∕R1 enrichment-fold. These three aptamers demonstrated K d values of 6.8 AE 1.3 nM, 8.2 AE 1.0 nM, and 2.7 AE 0.6 nM, respectively (Fig. S3A) . Interestingly, these three displayed significantly less specificity for PDGF-BB in comparison to the sequences selected from R3∕R2, with 2.0-(#1), 2.2-(#2), and 1.9-fold (#3) higher binding to PDGF-BB target relative to PDGF-AA protein (Fig. S3B) . We conclude that the sequences with the highest R3∕R2 enrichment-fold demonstrated better affinity and specificity than those with the highest R3∕R1 enrichment-fold because the R2 pool is more specific to the target than the R1 pool (26) . We also performed a nitrocellulose filter binding assay to confirm the specific binding of the most highly enriched sequence from R3∕R2 relative to the initial library. The results show negligible binding (<0.1%) of PDGF-BB protein by the unselected library, whereas the top R3∕R2 sequence showed approximately 47% binding.
To compare the performance of aptamers obtained by QSAS to those obtained via standard cloning methods (19) (20) (21) , we cloned the R3 aptamer pool into E. coli and randomly picked 98 individual clones. Three dominant consensus sequences emerged, which constituted ∼40% of the selected population; Table S3 shows a representative subset of 36 of these cloned sequences. We synthesized the sequences that appeared most frequently from each group, and measured their binding affinity and specificity for PDGF-BB. The selected group I, II, and III aptamers exhibited affinities of K d ¼ 8.2 AE 1.8 nM, 20.5 AE 3.9 nM, and 17.2 AE 3.5 nM (Fig. 5A) , respectively, although we note that they also exhibited significant binding to PDGF-AA in comparison to the QSAS R3∕R2 enriched pool, with 2.2-(#1), 1.82-(#2), and 1.8-fold (#3) higher binding to PDGF-BB target relative to PDGF-AA (Fig. 5B) . Interestingly, all three sequences exhibited K d values that were similar to the bulk K d of the R3 pool (10.5 AE 2.63 nM), and therefore higher (i.e., lower affinity) than those obtained from QSAS analysis. When we aligned the top 36 sequences obtained based on R3∕R2 and R3∕R1 metrics (Table S4 and Table S5 ) and compared these against aptamer sequences derived via cloning, the only apparent similarity that we observed was between group 1 from the QSAS R3∕R1 set and group 1 from the cloning assay.
Comparison of Aptamer Secondary Structures. To understand the structural differences among the aptamers obtained by QSAS R3∕R2, QSAS R3∕R1 and standard cloning methods, we modeled the secondary structures of each of the top three enriched sequences using mfold software (34) . We found that all nine sequences contained significant secondary structure, including protruding loops and stems (Figs. S4, S5, and S6) . In comparing the structures, we observed that sequence #1 from the QSAS R3∕R2 (Fig. S7A ) differs from sequence #3 obtained by standard cloning methods (Fig. S7B) by only a single nucleotide. However, it is remarkable that their binding affinities varied by almost an order of magnitude, with significant differences in specificity. We have noted a number of examples wherein a single nucleotide difference at the loop region of an aptamer structure may play a critical role in binding affinity and specificity (35) , and large differences in binding affinity of aptamers resulting from single-nucleotide changes within secondary structure elements have been reported previously (36) (37) (38) . In general, it is difficult to analytically estimate the effects of a single nucleotide substitution on the binding affinity, and such analyses often require significant experimental efforts (36) including site-directed mutagenesis at or near the target-binding site (37, 38) .
Conclusion
In this work, we report the use of M-SELEX with high-throughput sequencing for the rapid discovery of aptamers. The QSAS method, which combines microfluidic aptamer selection with high-throughput sequencing, displays a number of advantages over standard SELEX methods. First, the selection can be performed rapidly-We demonstrate the isolation of specific aptamers with K d < 3 nM for PDGF-BB within 3 rounds. Second, our method enables the quantitative measurement of enrichment-fold of an individual sequence as a function of selection rounds. This allows for the identification of high-affinity sequences without the need for the pool to fully converge to a small number of sequences, while also discriminating those sequences that arise from experimental biases rather than true target binding. Though not demonstrated here, this capability to track the population of sequences may also be used to tune the selection stringency. Thirdly, the aptamers isolated by QSAS show better affinity and specificity compared to those obtained with standard cloning and sequencing methods; the aptamers identified using the R3∕R2 enrichment parameters exhibited ∼3-8-fold higher affinity and ∼2-4-fold higher specificity compared to those found through random cloning of nearly 100 sequences. Finally, given that many biocombinatorial libraries are encoded with nucleic acids, we believe that our method may be generalized for the quantitative selection of other types of libraries, including tagged small molecules, phage display, cell surface display, as well as ribosome and mRNA displays (39) (40) (41) , and we extrapolate that the method may ultimately be extended for the isolation of molecules with useful functions beyond binding, such as cooperative assembly (42), enzymatic activity (43) and binding-induced folding (44) .
Materials and Methods
1. Materials and Instruments. Recombinant human PDGF-BB and PDGF-AA were purchased from R&D Systems. Random DNA library, unlabeled primers, and modified primers (Alexa 488-modified forward and biotinylated reverse primer) were synthesized and PAGE-purified by Integrated DNA Technologies. N-hydroxysuccinimide (NHS), 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC), and all other chemicals were purchased from Sigma-Aldrich, Inc. Fluorescence measurements were performed in black 96-well microplates (Microfluor 2, Thermo Scientific) using the Infinite® M1000 (TECAN).
2. Microfluidic-SELEX. M-270 Carboxylic Acid Dynabeads (Invitrogen) were used to immobilize PDGF-BB and PDGF-AA. The magnetic beads were activated with EDC and NHS and target proteins were immobilized after activation, following a manufacturer's procedure and a previously reported procedure with minor modifications (19) . The immobilized proteins were quantified using the NanoOrange® protein quantitation kit (Invitrogen). Each member of the ssDNA random library included 40 randomized nucleotides flanked by two 20-base primer binding sequences for PCR (5′-TCCCACG-
CATTCTCCACATC-[40N]-CCTTTCTGTCCTTCCGTCAC-3′
). PDGF-BB-coated magnetic beads were washed three times with 100 μL of PBSM buffer (10.1 mM Na 2 HPO 4 , 1.8 mM KH 2 PO 4 , 137 mM NaCl, 2.7 mM KCl, and 1 mM MgCl 2 , pH 7.4) before each selection. 2 × 10 7 PDGF-BB-coated beads were used in the first round of positive selection, and 2 × 10 6 PDGF-BB-coated beads were used for the next two rounds to maintain highly stringent selection conditions. The ssDNA library (∼10 14 molecules) was denatured by heating at 95°C for 10 min, and then cooled down to room temperature. This ssDNA library was incubated with PDGF-BB-coated beads in PBSM buffer for 2 h at room temperature. After incubation, the beads were trapped by MMS chip, which was fabricated and characterized as described previously (20) . The trapped beads were washed with PBSM buffer at flow rates of 3 mL∕h (sample) and 0.8 mL∕h (buffer). Stringent washing was subsequently performed at a flow rate of 50 mL∕h to continuously remove unbound and weakly bound DNAs. The aptamer-bound beads were collected in a final volume of 1.5 mL at the end of each round of selection. The eluted ssDNA aptamers were amplified by PCR using unmodified forward and biotinylated reverse primers to generate ssDNAs for next-round selection and highthroughput sequencing. To eliminate nonspecific aptamers, counter selections were also performed after the second round using 2 × 10 7 PDGF-AAand Tris-coated beads.
3. High-Throughput Sequencing Technology. To prepare samples for sequencing, the 600 μL of ssDNA obtained in each round were amplified via PCR at the optimized cycle number determined by a pilot PCR using unmodified forward and reverse primers, and then purified with the MinElute® PCR Purification Kit (Qiagen). The amplified PCR products at each round totaled ∼10 μg. The purity of the amplified DNA was examined on a 10% PAGE gel. For the unselected library control, 25 picomoles of library pool were amplified by PCR to obtain 6 μg of product, which was also purified using the PCR purification kit. Illumina's single-read ChIP-Seq library preparation kit was used to prepare the double-stranded aptamers for sequencing on the Genome Analyzer II. 10 ng of sample were initially subjected to preparation for sequencing, which entails end repair, addition of adenosine to 3′ ends, adapter ligation, fragment size selection by gel extraction, and PCR following manufacturer's instructions with modifications described below. After each step, samples were cleaned with DNA Clean & Concentrator columns from Zymo Research. For the adaptor ligation step, the adaptor mix was diluted 1∶20 to prevent an abundance of adaptors from being sequenced. Following adapter ligation, we ran a 2% agarose gel to select the specific size range of molecules needed for proper cluster formation on the cluster station. The size range from 200-300 bp was cut from the gel and cleaned using the Gel Purification Mini kit from Qiagen, based on the manufacturer's protocol. We then performed 14 cycles of PCR to amplify selected fragments using Illumina-supplied PCR primers and the manufacturer's suggested PCR recipe. The forward and reverse primers were diluted 1∶2 prior to being added to the sample. Finally, the sample was quantified with the Invitrogen Qubit fluorometer, after which the preparation was ready to load on the Illumina cluster station.
The cluster station is used to hybridize samples to a flow cell, which is then placed in the Genome Analyzer II to obtain the sequence data. The cluster station bridge amplifies each single molecule 35 times to make cloned bundles or clusters, which are large enough for individual nucleotides to be visualized by the optics of the Genome Analyzer II. Samples were loaded into the flow cell cluster station at a concentration of 4 pM. Once flow cell amplification was complete, each cluster was linearized, a blocking group was attached to the free end of the cluster and the sequencing primer was hybridized. The flow cell was subsequently loaded on the Genome Analyzer II, which was run for 75 cycles (equivalent to sequencing 75 bases). After the sequencing was complete, the data were processed using Illumina Pipeline software, which performs base calling and quality filtering and generates a lane-based fastaq format file. We performed downstream analysis using software developed internally. A correct sequence read should include 75 bp of sequence, including 20 bp 5′ primer þ40 bp aptamer þ15 bp 3′ primer; any sequences not matching this pattern were filtered out. The primer sequences were trimmed out after filtering, leaving only 40 bp aptamer sequences for downstream analysis. Reverse complement tags were combined with the sequenced forward tags, and tag count was done at this stage, followed by enrichment analysis.
Determination of Dissociation Constants (K d ) and Specificities of Selected
Aptamers. Selected pools and individual ssDNA aptamers from those pools were tested for their binding affinity to PDGF-BB using a standard fluorescence binding assay. Various concentrations of Alexa 488-modified aptamers, generated via PCR with fluorescently labeled forward primers, were heated at 95°C for 10 min in 93 μL of PBSM buffer, rapidly cooled down in an ice bath and then incubated for 10 min at room temperature. 7 × 10 5 PDGF-BB-coated beads were washed 3 times in PBSM buffer and incubated with the aptamers at room temperature for 2 h. After the binding reaction, the unbound aptamers were removed by washing 4 times with PBSM buffer. The bound aptamers were then eluted from the beads by heating at 95°C for 10 min. The amount of bead-bound aptamers was measured by fluorescence measurement (excitation 495 nm, emission 519 nm) and the dissociation constant was calculated by nonlinear fitting analysis. For specificity tests, Alexa 488-modified aptamers (0-50 nM) were incubated with PDGF-BB-coated beads and PDGF-AA-coated beads, followed by washing steps as described above. The amount of aptamer in each elution fraction was determined by fluorescence measurement and calculation using a fitting curve as described above.
